We have used enzymic amplification of specific nucleic acid sequences followed by hybridization, for the rapid detection and typing of human picornaviruses after cell culture isolation. The test is based on the synthesis of cDNA, the polymerase chain reaction and the use of oligonucleotide probes. The primers were selected from the 5' non-coding region of the genome representing highly conserved regions. Sequences specific to enteroviruses and rhinoviruses were used as probes. The assay was able to identify all the picornavirus reference strains analysed and it was also possible to discriminate between enteroviruses and rhinoviruses by the hybridization procedure. When 29 picornavirus clinical isolates were analysed, all except one were detected by gel electrophoresis and a specific hybridization signal was obtained with all except three strains using the oligonucleotide probes.
INTRODUCTION
Human picornaviruses consist of approximately 200 serologically distinct members which are important pathogens. Human rhinoviruses (HRVs) are the most frequent cause of the common cold whereas members of enterovirus subgroups (coxsackie-, echo-and polioviruses) are responsible for e.g. meningitis, paralysis, myositis and myocarditis. Because of the large number of serotypes, specific virological diagnosis of these infections is problematic. Enteroviruses are currently detected using isolation in cell culture followed by neutralization typing with antiserum pools. Rhinoviruses are identified after isolation on the basis of their characteristic acid lability. These methods are laborious and time-consuming because at least two cycles in cell culture are needed for specific recognition of the virus. Since these viruses are common causes of human disease there is an obvious need for new rapid and reliable diagnostic procedures.
The nucleotide sequences of approximately a dozen human picornaviruses are already known and these data can be used for the selection of nucleic acid probes for diagnostic purposes. The 5'-terminal non-coding part and regions of the ssRNA genome encoding non-structural proteins are highly conserved among human picornaviruses. Both cloned cDNA (Hyypi~t et al., 1984; Rotbart et al., 1984; A1-Nakib et al., 1986) and synthetic oligonucleotides (Rotbart et al., 1988) have been used successfully as broadly reacting probes in hybridization tests. However, these assays require a passage of the virus in cell culture for amplification of the target. Because it would be desirable to have an assay that could directly demonstrate the presence of virus in clinical samples, we have studied the possibility of using a combination of the polymerase chain reaction (PCR) (Saiki et al., 1988) and oligonucleotide hybridization, for human picornavirus detection. With this aim, we have first considered an assay system and reagents which can be used for identification of picornaviruses after a passage in cell culture. Our results indicate that the system based on these methods can be used for broad detection and typing of enteroviruses and rhinoviruses and that it could replace cell culture amplification.
METHODS
Virus propagation and preparation of nucleic acids. Picornavirus standard strains included coxsackieviruses A2, A16, A21, B3, B4 and B6, echoviruses 11, 18 and 22, polioviruses 1 and 3, and rhinoviruses 1B, 2, 9, 14, 22 and 89.
All the strains were from the American Type Culture Collection. Clinical virus strains were from the collection of routine isolation samples at the Department of Virology, University of Turku and they had been stored at -70 °C for 2 to 2.5 years prior to re-inoculation. The enterovirus isolates had been typed previously using WHO serum pools A to H (WHO, Copenhagen) and rhinoviruses had been identified on the basis of their acid lability. Standard serotypes and clinical virus isolates were propagated in LLC (enteroviruses) and HeLa (rhinoviruses) cell cultures. When the c.p.e, was complete the cells were centrifuged and total nucleic acids were isolated by proteinase K-SDS treatment (at concentrations of 100 ktg/ml and 0.5 ~, respectively) for 30 min, at 37 °C, followed by phenol extraction and ethanol precipitation (Hyypi~i et al., 1984) .
cDNA synthesis. Prior to the PCR, cDNA synthesis was carried out using nucleic acid extracts from approximately 50000 cells. In addition to the sample the reaction mixture (40 ~1) contained 50 mM-Tris HCI pH 8-3, 75 mM-KC1, 10 mM-DTT, 3 mi-MgCl2, 0.5 mM-dNTPs (Pharmacia), 1 ~tl human placental ribonuclease inhibitor (Amersham), 0.1 nmol of the cDNA (-) primer (Table 1 ) and 1 ~tl of Moloney murine leukaemia virus reverse transcriptase (Bethesda Research Laboratories, BRL). The reaction was carried out at 37 °C for 1 h.
Polymerase chain reaction. Five ~tl of the cDNA reaction mixture was further amplified in 40 cycles of the PCR using Taq DNA polymerase (New England Biolabs). Temperatures and times for denaturation, annealing and enzyme reaction were 95 °C (2 min), 40 °C (2 min) and 70 °C (4 min), respectively. The amplification was carried out in 16-6 mM-(NH~)2SO4, 67 mM-Tris-HC1 pH 8.8, 6.7 mM-MgC12, 1 mM-2-mercaptoethanol, 170 ktg/ml bovine serum albumin and 0.1 nmol of the cDNA (-) and PCR (+) oligonucleotide primers. The reaction (total volume of 100 ~tl) was started by adding 2-5 units of Taq polymerase, another 2.5 units was added after 15 to 20 cycles and the procedure was then continued for an additional 25 to 20 cycles. A DNA thermal cycler (Perkin-Elmer Cetus) was used to perform the amplification. Ten ~tl of the final reaction product was analysed in a 1% agarose gel containing 1 ~tg/ml of ethidium bromide.
Hybridization procedure. Ten ktl of the amplification reaction products was applied to GeneScreen Plus (New England Nuclear) after denaturation for 10 min at 95 °C. Oligonucleotide probes were 5'-end-labelled (BRL) using [~-32p]ATP (Amersham) as the precursor, to a specific activity of 2 x 10 s to 10 x l0 s c.p.m./pmol. After labelling the probes were run through a Sephadex G-25 (Pharmacia) spin column. The filters containing the samples were prehybridized for 15 min in 6 x SSC, 5 × Denhardt's solution, 1 ~ SDS and 100 ktg/ml of single-stranded herring sperm DNA at a melting temperature of -6 °C to -10 °C. The labelled probe was added and after a 2 h hybridization the membranes were washed twice at the hybridization temperatme for 20 min each, with 2 x SSC containing 1 ~ SDS and then autoradiographed on an X-ray film (Trimax XD, 3M).
Computer analysis. The selection of the primers and probes was based on alignments of poliovirus 1 and 2, coxsackievirus B4 and A21, and rhinovirus i B, 2, 14 and 89 sequences (Kitamura et at., 1981 ; Toyoda et al., 1984; Jenkins et at., 1987; Hughes et al., 1988 Hughes et al., , 1989 Skern et al., 1985; Stanway et al., 1984; Duechler et al., 1987) by a recently developed program (Vihinen, 1988) on a VAX 8800 computer. For use as primers, regions of approximately 20 nucleotides exhibiting the highest percentage of homology at the 5' end of the genome were selected (Table 1) . Sequences between these primers which had the maximum difference between enteroviruses and rhinoviruses in addition to intra-genus conservation were used as probes. Echovirus 22 primers and probe were selected from a preliminary 3' end nucleotide sequence (our unpublished results).
RESULTS

Detection of standard virus strain
The principle of the combined amplification and oligonucleotide hybridization assay is shown in Fig. 1 . Coxsackievirus A2, A16, A21, B3, B4 and B6, echovirus 11, 18 and 22, poliovirus 1 and 3, and HRV 1B, 2, 9, 14, 22 and 89 reference strains were first tested by the cDNA (-) and PCR (+) primers (Table 1) in order to evaluate the cross-reactivity of the oligonucleotides among members of human picornaviruses. Analysis by gel electrophoresis revealed that all the strains except echovirus 22 had reacted specifically; DNA fragments of the expected size were seen in the samples and no reaction was observed with the uninfected control cells (Fig. 2a) . In the case of coxsackievirus B4 and echovirus 18 the band was rather weak but clearly visible in the original gels. When the echovirus 22 primers were used, faint bands of various sizes were observed for all the enteroviruses (data not shown).
The amplification products were tested further by using oligonucleotide probes, selected on the basis of specificity for enteroviruses and rhinoviruses. All the enterovirus strains except echovirus 22 were detected by the enterovirus probe whereas no reaction was seen when the rhinovirus oligonucleotide was used in hybridization (Fig. 2b) . On the other hand, the rhinovirus cDNA is first generated in a reverse transcriptase-catalysed reaction using a primer complementary to the viral RNA genome. The product is then amplified in a Taq DNA polymerase-catalysed reaction with repeated cycles using an additional primer which represents the opposite polarity. Oligonucleotide probes are used for specific identification of the amplified sequences. * The map positions refer to poliovirus 1 (Kitamura et al., 1981 ; cDNA and enterovirus) and HRV-14 (Stanway et al., 1984 ; PCR and rhinovirus) sequences.
~" Gama et al. (1988) . probe recognized all the HRV strains and HRV-14 gave a signal with the enterovirus probe (Fig.  2c) . The oligonucleotide derived from the echovirus 22 sequence did not react with the amplification products of other strains ( Fig. 2b and c) .
Detection of clinical isolates
To determine whether the combined amplification and hybridization system would be applicable for routine detection of human picornaviruses after cell culture isolation, 29 coded samples representing randomly selected, previously tested rhinovirus and enterovirus specimens were analysed. The original clinical specimens were inoculated into cultured cells and at advanced c.p.e, nucleic acid extracts were prepared for the amplification test. Twenty-eight (97 ~) of the samples were reactive as determined by gel electrophoresis (Fig. 3 a and b) . The only exception was echovirus 27 (sample no. 31). In all cases the DNA fragment of specific size could be differentiated with a high probability, on the basis of its size being distinct from the other bands observed in a few samples. However, some of the non-related viruses tested in parallel, especially adenovirus and cytomegalovirus (CMV), showed reaction products which were close in size to the appropriate band. The products of the amplification reaction were then tested by using both enterovirus and rhinovirus hybridization probes (Fig. 3 c, d and e) . The results of these experiments are summarized in Table 2 . All except two of the 14 HRV strains were detected by the rhinovirus probe. In addition five specimens reacted with the enterovirus oligonucleotide which detected all but one of the different members of coxsackie-, echo-and polioviruses. None of these strains were reactive with the rhinovirus probe. The hybridization reaction was also highly specific for human picornaviruses; no signal was observed with any of the control viruses (Fig. 3) . 
DISCUSSION
The current methods used for human picornavirus identification are cumbersome and do not provide a specific diagnosis at the acute phase of illness. Also, owing to the large number of serologically distinct viruses, the use of immunological methods for direct detection of enteroviruses in clinical samples is difficult. Nucleic acid probes offer a possibility of taking advantage of the highly conserved regions at the 5' end of the genome which is not known to code for proteins. As the sensitivity of the hybridization assays is not sufficient for direct detection of the virus in clinical material a passage in cell culture is needed. Therefore these tests have only limited use in diagnostic laboratories. The use of the PCR could replace cell culture amplification by a biochemical method provided that the problems concerning the test system and treatment of the specimens can be solved. Our aim was to study the reagents needed for such an assay system and to develop a test which could detect human picornaviruses rapidly and also differentiate between enteroviruses and rhinoviruses.
The selection of reagents was carried out using a computer program which can align several nucleotide sequences for analysis of common or specific regions in the genome (Vihinen, 1988).
By using this system an oligonucleotide representing a highly conserved region was selected for cDNA (-) primer, and a primer described earlier (Gama et al., 1988) was used for the initiation of the synthesis of the complementary (+) strand. Probes which had maximum specificity for enteroviruses and rhinoviruses between the primer sequence regions were chosen. Broad reactivity of the primers was observed in the gel electrophoresis and the specificity of the probes was evident in hybridization with the exception that HRV-14 reacted also with the enterovirus probe although the computer analysis of the probe region in HRV-14 did not show any exceptional homology with this sequence when compared to other HRVs. Therefore the most obvious reason for this result is a genetic difference between the sequenced virus and the strain used here. Echovirus 22 failed to react in this assay system but was detected by primers and probe derived from a preliminary 3' end sequence. The difference can be understood easily: this virus type does not react with probes from any major enterovirus subgroup (Auvinen et al., 1989) .
When coded clinical isolates were tested in this combined assay, all except one of the specimens reacted when analysed by gel electrophoresis. This was an echovirus 27 strain which did not show progressive c.p.e, in cell cultures after re-inoculation. This serotype is known to exhibit a hybridization pattern characteristic for echoviruses (Auvinen et al., 1989) . Hybridization with the rhinovirus probe failed to detect two of the HRV specimens whereas all the enteroviruses were detected by the specific probe with the exception of the sample (no. 31, echovirus 27) which also gave a negative result by gel electrophoresis. In addition to enterovirus samples, this probe gave a signal with five HRV samples. This is an interesting finding as some of the rhinoviruses are known to resemble polioviruses closely. Although these viruses were not typed they are known to fall into a 'HRV-14-1ike' category in hybridization analysis by cDNA probes (P. Auvinen et al., unpublished results) .
Combination of the two probes makes it possible to discriminate between enteroviruses and rhinoviruses because the HRV probe had no reactivity with samples representing the enterovirus group. This assay system can be applied directly for routine laboratory diagnosis; rapid and non-radioactive confirmation of picornavirus growth in cell culture isolation is possible by gel electrophoresis and the same material can be used in typing by oligonucleotide probes. The approach is of practical advantage as chemically synthesized reagents and commercial kits can be used instead of serum pools of limited availability.
The greatest improvement in the diagnosis of picornavirus infections would be the replacement of cell culture isolation by the in vitro amplification method. According to our experience some nasopharyngeal samples can be directly detected as positive by this assay system, as already reported by Gama et al. (1988) . The optimization of the procedure for clinical material, including stool specimens, cerebrospinal fluid, muscle biopsies etc., needs further development of the technique to obtain maximum sensitivity, to remove inhibitors of the reaction in samples and to minimize contamination problems during the procedure.
